Background: A variety of magnetic resonance (MR) lymphographic agents have been proposed for mapping the lymph nodes draining the prostate. Purpose: To investigate the feasibility of using ferumoxytol (an FDA-approved iron oxide agent) for lymph node mapping of the prostate on imaging (MRI) in a non-human primate (NHP) Macaque model. Material and Methods: Four NHPs weighing 5-13 kg underwent injection of ferumoxytol after a needle was introduced transrectally under MRI guidance into the prostate using a commercially available intrarectal MRI biopsy guide. Ferumoxytol was administered at dosage in the range of 0.15-0.75 mg Fe/kg in a fixed injection volume of 0.2 mL. T1-weighted MRI was performed at 3 T starting immediately and extending at least 45 min post-injection. Two readers evaluated the images in consensus. The NHPs tolerated the ferumoxytol injections at all doses with no evident side effects. Results: It was determined that the lowest dose of 0.15 mg Fe/kg produced the best outcome in terms of lymph node visualization and draining nodes were reliably visualized at this dose and volume. Conclusion: Thus, MRI with intraprostatic injection of ferumoxytol may be considered an effective T1 contrast agent for prospective mapping of lymph nodes draining the prostate and, thus, for attempted sentinel lymph node identification in prostate cancer. Large clinical trials to determine safety and efficacy are needed.
Introduction
Lymph node staging is an important aspect of prostate cancer management. Unfortunately, existing noninvasive imaging such as computed tomography (CT) and magnetic resonance imaging (MRI) are generally considered poor predictors of lymph node metastases as they depend strictly on size criteria that are often misleading. Thus, surgical staging has been the gold standard for nodal assessment in prostate cancer. For patients with suspected localized disease who undergo elective surgery with nomogram determination of possible lymph node involvement, a routine bilateral pelvic lymph node dissection (BPLND) is performed, often sampling the obturator fossa and external iliac chain at the time of prostatectomy to determine the extent of disease. If a higher risk for metastatic disease exists, an extended pelvic lymph node dissection (EPLND) beyond the obturator fossa and external iliac chain is often performed. A recent study showed that patients who underwent EPLND had superior long-term outcomes compared to those who underwent routine BPLND. However, the side-effects and potential complications associated with EPLND including formation of lymphoceles, deep venous thrombosis, and postoperative ileus is more significant (1, 2) . Thus, more targeted lymph node resections based on the sentinel node theory have been gaining interest, especially in Europe, mirroring a similar successful strategy in breast cancer and melanoma. In theory, macromolecular agents injected into the prostate will drain into the sentinel nodes, or first level of nodal tissues representing the specific drainage pattern of the organ. Thus, Tc-99 m radiolabeled sulfocolloid and other nanoparticulate agents have been proposed along with intraoperative gamma probes to detect the nodes during surgery. Optical probes such as indocyanine green alone or in combination with radiolabeled probes have also been proposed (3). More recently, MRI contrast agents such as gadolinium-based gadofosveset dimeglumine (Ablavar, Lantheus Medical Imaging, N. Billerica, MA, USA), which binds albumin, has shown success (4). The MRI agents have the advantage of providing high resolution images of the nodes without exposing the patient or surgical-pathology team to ionizing radiation. The disadvantage is that they do not provide high fidelity intraoperative guidance. Ideally, the MR lymphographic agent would be safe, FDAapproved, accurate, and provide a means of intraoperative tracking for operative guidance.
While ultrasmall superparamagnetic iron oxides (USPIO) have shown promising results as intravenous lymphographic agents in MRI, interstitial and intratumoral administration of USPIO for MRL of the prostate has not yet been fully explored (5) . Ferumoxytol has previously been used as a T1 contrast agent because of its T1 shortening property at low doses (6) . Our laboratory has previously demonstrated the utility of the non-human primate (NHP) Macaque model for evaluating lymphatic drainage pathways by MRI (7) and their anatomic similarities to humans. Our goal for this study was to determine the feasibility of intraprostatic injections of ferumoxytol for mapping the nodal drainage patterns of the prostate gland.
Materials and Methods
All studies conducted were in accordance with NIH guidelines on animal use in research, and received the approval of the institutional Animal Care and Use Committee (ACUC). Four SPF (McHV-1, SRV, SIV, STLV) rhesus macaques weighing 5-13 kg were housed and cared for in an AAALAC accredited facility. All research was conducted in the presence of a certified veterinarian and their trained staff specializing in the care of NHPs.
Ferumoxytol (FeraHeme, AMAG Pharmaceutical, Cambridge, MA, USA), a USPIO of 20-30 nm in size, is an agent approved by the FDA for iron replacement therapy in patients with chronic renal failure and associated iron-deficiency anemia. It is commercially available at a stock concentration of 30 mg Fe/mL. Contrast dosage was optimized by testing at different dilutions at a fixed injection volume with varying MRI acquisition times. Ferumoxytol was diluted with phosphate buffer saline (Life Technologies, Grand Island, NY, USA). Ferumoxytol is typically a T2* contrast agent, however, when diluted it can also serve to be an effective T1 contrast agent. Therefore various doses of ferumoxytol (in the range of 0.15-0.75 mg Fe/kg body weight) were tested in NHPs. Based on previous experience, 0.2 mL is the optimal volume for injection, as larger doses will often lead to extravasation from the NHP prostate. Therefore, a fixed volume of 0.2 mL was used in each case for the purposes of this experiment.
NHPs were anesthetized with 10 mg/kg ketamine and 25 ug/kg dexmedetomidine intramuscularly, followed by intubation and administration of isoflurane 1-3% and anesthetic monitoring by trained veterinary staff, transferred to the MRI scanner, and kept in the prone position for the duration of the procedure and imaging protocol. All MRI was performed with a 32channel cardiac coil (SENSE; Philips Medical Systems, Best, The Netherlands) at 3.0 T (Achieva, Philips Medical Systems). An initial baseline 3D T1-weighted (T1W) gradient echo sequence with fat suppression was acquired (Table 1) . Next, an FDA-approved, commercially-available device (DynaTRIM, Invivo, Schwerin, Germany), developed for MR-guided prostate biopsies was inserted transrectally into the NHP subjects, and was appropriately positioned and directed for prostate targeting and intra-prostatic injections. A 0.2 mL dose with varying dose of ferumoxytol was administered intraprostatically into each prostate lobe. A 10 cycle massage was applied at the site of injection. Four phases of post-injection T1W MRI were then acquired over 45-75 min. If an additional injection was performed in the contralateral lobe then an interval of at least 30 min was used between the two intraprostatic injections. After image acquisition, all primates were reversed from anesthesia and returned to their housing facility and subsequently evaluated by a veterinarian. Physical examination of the animals as well as a complete blood count (CBC) and serum chemistries revealed no complications associated with the intraprostatic administration of Ferumoxytol.
All MRI analysis was performed by two readers on a commercially-available work station (Extended MR WorkSpace [EWS], Philips Medical Systems). For each imaging session, lymph nodes were evaluated on T1W MR images using a 3-point scoring system (0, no enhancement; 1, hypointense enhancement; 2, mixed enhancement; 3, hyperintense enhancement).
Results
Injection 1: Intra-prostatic injection of 0.75 mg Fe/kg
The first primate (8 kg) was injected with 0.2 mL of undiluted ferumoxytol (30 mg Fe/mL) in the left lobe of the prostate for a dose of 0.75 mg Fe/kg. Serial T1W scans were acquired for 70 min post-injection. Upon evaluation of the first phase, the left internal iliac, left common iliac, and retroperitoneal lymph nodes were seen as hypointense regions ( Table 2 ). By the fourth phase (63-min post-injection), a mixed signal was seen in the draining lymph nodes.
Injection 2: Intra-prostatic injection of 0.24 mg Fe/kg
The second primate (5 kg) was injected with 0.2 mL of 20% ferumoxytol diluted with saline (6 mg Fe/mL) in the left lobe of the prostate for a dose of 0.24 mg Fe/kg. Serial T1W scans were acquired for 70 min postinjection. Lymph nodes were not visualized in the first three phases. After a prostatic massage, hyperintensity was seen in the left internal iliac, left common iliac, and retroperitoneal lymph nodes during the fifth phase (post-injection) ( Fig. 1a-c) . 
Injections 3 and 4: Sequential bilateral intra-prostatic injections of 0.4 mg Fe/kg
The third primate (5 kg) was injected with 0.2 mL of 33% ferumoxytol diluted with saline (10 mg Fe/mL) in the left lobe of the prostate for a dose of 0.4 mg Fe/kg. Serial T1W scans were acquired for 76 min post-injection. Upon evaluation of the first phase, the right internal iliac and left internal iliac lymph nodes showed hypointense signal. By the second phase, the same two regions and the left common iliac lymph node had a hypointense signal, but the right common iliac lymph nodes showed hyperintense signal pattern. After the third phase, a second injection of the same dose was administered in the contralateral side (right lobe). After prostatic massage, the fifth phase in the second injection (42 min post-injection) showed right and left common iliac lymph nodes with hypointense appearance. The right and left internal iliac lymph nodes were of mixed enhancement, and the retroperitoneal lymph nodes had hyper-enhancement ( Fig. 2a-c ).
Injection 5: Intra-prostatic injection of 0.15 mg Fe/kg
The fourth primate (13 kg) was injected with 0.2 mL of 33% ferumoxytol diluted with saline (10 mg Fe/mL) in the right lobe of the prostate for a dose of 0.15 mg Fe/ kg. Serial T1W scans were acquired for 42 min postinjection. After prostatic massage, mixed enhancement was visualized in the common iliac lymph nodes 19 min after injection. However, the retroperitoneal lymph nodes showed hyperintensity. These findings remained consistent until the seventh phase, at which time the image acquisition was concluded.
Discussion
Our study demonstrates the feasibility of using a low volume and low dose ferumoxytol via intra-prostatic injection (0.2 mL of 0.15 mg Fe/kg body weight) for successful lymph node mapping of the prostate on T1W MRI in a NHP model. The appropriate dose was determined by balancing each factor. The appropriate volume of ferumoxytol needed to be limited to 0.2 mL to prevent tissue extravasation into the periprostatic space, which commonly occurs at higher volumes, based upon prior experience (4). Next, determination of the appropriate dose of iron required testing of serial dilutions as described. At higher dose of ferumoxytol, the lymph nodes were subject to signal decrease due to T2 and T2* effects. With time, this excess iron dilutes and begins to shorten the T1 signal. However, based on our observations, this may take several hours to occur, making image acquisition impractical and more variable. Therefore, the doses were tapered so as to result in T1 shortening in the draining nodes within a reasonable image acquisition time (<30 min). A dose of 0.15 mg Fe/kg in 0.2 mL appeared to satisfy both conditions and produced excellent maps of the series of nodes draining the area of the prostate where the intraprostatic injection of ferumoxytol was performed.
In 2013, a pilot study in patients with breast cancer looked at the ability of SLN biopsy with USPIO to be used as a magnetic tracer (8) . In the study, SLNs were identified by USPIO magnetometry in 23/30 (77%), and with blue dye in 24/30 (80%). More recently in 2014, a pilot study in humans has shown the ability of intraoperative magnetometry to identify SLNs during surgery by detecting slight changes in the magnetic field in the draining nodes containing an USPIO (9) . It was shown that the detection rate of SLNs in vivo was 90 % and the method yielded 100% sensitivity for metastatic LN. The contrast agent, and the magnetometer (Siennaþ and Sentimag, Endomagnetics, Cambridge, UK) are not yet FDA approved but have recently received investigational device exemption (IDE) status for initiation of further clinical trials. The injected volume for PLND using Sentimag was 10 times larger (2 mL) than that which was used in our MRI study (0.2 mL), however, this likely does not influence the amount of agent taken up and transported to the draining lymph nodes but rather the amount in and around the prostate gland due to volume of tissue extravasation.
The current study has several limitations. The study was conducted in normal NHPs with presumably healthy prostate glands. Thus, MR lymphography with ferumoxytol was not tested in the setting of prostatic adenocarcinoma where identification of cancerspecific lymphatic drainage would be of prime clinical utility. Nevertheless, this is the first report of intraprostatic injection of ferumoxytol for this purpose and can be further developed for injection in cancerous foci, for targeted lymph node mapping via MRI. Also, for the purpose of feasibility and dose ranging the number of animals in the experiment was limited. Further, due to this limitation in the number of NHPs available, tests were unable to be repeated in this study. With regard to the contrast agent, although FDA approved, ferumoxytol is not indicated for SLN mapping by MRI or for interstitial/intraprostatic injection. Therefore, this is currently considered an off-label use of ferumoxytol. Lastly, longer image acquisition was not feasible as the time spent under anesthesia for the NHPs would have been beyond limits of ACUC recommendations; however, it would be interesting to see how long the nodes remain opacified after injection.
In conclusion, this study showed the feasibility of T1W MRI lymph node mapping with ferumoxytol in a non-human primate model. The MR contrast agent, ferumoxytol is FDA approved and therefore, is feasible for rapid clinical translation. It is hoped that intraprostatic injections of ferumoxytol will improve the mapping of sentinel nodes in cases of prostate cancer, thus reducing the need for extended lymph node dissections while still allowing for the benefits of adequate sampling for diagnostic and prognostic purposes.
